In this work, O 2 annealing triggered defect generation within monolayer (MLG) and bilayer graphene (BLG) was studied using Raman spectroscopy and atomic force microscopy. Above a critical temperature (denoted as the infection point), the activation energies for defect generation in MLG and BLG upon O 2 annealing were found to be 1.2 and 2.3 eV, respectively. Such defect generation was proposed to be mainly dominated by chemical reactions between graphene and oxygen, and the difference of the activation energies within MLG and BLG is attributed to a difference in van der Waals interactions with the supporting substrates. Besides, the infection point for MLG is also different from that for BLG; the former is 400 °C, while the latter is 550 °C. We also found that both MLG and BLG are insensitive to defect generation with a characteristic of very small activation energy for O 2 annealing treatment below the infection point, which may be ascribed to the thermal mismatch between graphene and the underlying substrate.
Introduction
Graphene, a single atomic sheet of carbon atoms with the sp 2 hybridized structure, has attracted much attention owing to its unique and attractive electrical, physical and chemical properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Graphene exhibits an extraordinarily high carrier mobility of more than 200,000 cm 2 V −1 s −1 , 15 making it a promising material for various practical device applications.
Owing to its inherent characteristics of no dangling bonds, graphene may be relatively stable on supported SiO 2 substrates, which is quite different from what occurs upon functionalized SiO 2 surfaces. In the latter case, there are lots of defects and disorders in basal graphene caused by the functionalized groups. [16] [17] Meanwhile, from the viewpoint of devices, the device process and/or post deposition annealing might deteriorate graphene properties, implying the maximum process temperature should be considered very carefully. Recent investigations have indicated post-treatment would significantly impact the properties of graphene depending on the supporting substrates. For example, Liu et al. observed thickness-dependent etching effects and a Fermi level shift of ~0.5 eV in pristine graphene subjected to O 2 ambient annealing with a reduced pressure. 18 Suzuki et al. showed that chemical-vapor-deposited (CVD) graphene is highly unstable against heating in high vacuum, implying graphene has structured disorder accompanied by hole doping at an elevated temperatures. 19 It is also reported that the G band position on substrates is within the range of fluctuation (1580-1588 cm −1 ) by unintentional electron or hole doping effects for more than 40 graphene samples on the SiO 2 /Si substrate. 20 Besides, various treatments on SiO 2 surfaces prior to graphene transfer processes, for example, HF dipping and re-oxidation processes which engineered an O-terminated hydrophobic surface differed from the OH bonds-terminated hydrophilic SiO 2 surface, exhibit a negligible hysteresis for field-effect transistors devices. [21] [22] However, to our best known, the oxidization of graphene on a hydrophobic SiO 2 /Si substrate has not been studied comprehensively, although it is fundamentally essential and obviously desirable. In this work, we report that how the defects are generated in monolayer graphene (MLG) and stacked bilayer graphene (BLG) against O 2 at elevated temperatures unrevealed before. Defects are estimated by microscopic Raman measurements and atomic force microscopy (AFM). Moreover, the activation energy of defect generation for both monolayer and bilayer graphene in O 2
Experimental
Both MLG and BLG were produced by a micromechanical cleavage of Kish graphite and subsequently transferred onto a Si substrate covered with a thermally grown SiO 2 layer. Before graphene transfer, the SiO 2 surface was ultrasonically cleaned in turn by acetone and isopropyl alcohol (IPA) for 10 min each. Then, the SiO 2 thickness was reduced to 90 nm with a HF solution, followed by a de-ionized water (DIW) rinse and N 2 blow. Prior to graphene transfer, SiO 2 /Si substrates were annealed at 1000 °C for 5 min in 100% O 2 flow to form a siloxane (O-terminated) surface. The optical images of graphene were acquired by an optical microscope (LV100, Nikon) equipped with a camera (DP71, Olympus). Graphene flakes were annealed in 100% O 2 at one atmosphere, for 30 min as a function of annealing temperature in a home-made tube furnace. The number of graphene layers was detected by optical contrast and further verified by Raman spectra. Before and after annealing, Raman spectroscopy/mapping measurements were carried out with 600 lines/mm grating, and a laser with an excitation wavelength of 488 nm (Horiba HR800) at room temperature under the ambient condition. The laser power was kept at around 0.5 mW to prevent any heating induced damage during the measurement. The laser spot size was ~0.8 µm. AFM measurements were performed in a tapping mode with a silicon cantilever, via a SPA 400 microscope unit controlled by an SPI 400 probe station. AFM measurements were done in the air at room temperature. Figure 1 shows the typical results of monolayer graphene measured by Raman spectroscopy as a function of annealing temperature in O 2 . In order to minimize the annealing accumulation effect, various graphene samples were used at each annealing temperature. Note that all graphene samples prior to O 2 annealing used here were pristine, and had no defects. Thus, there are only two main characteristic bands in the Raman spectra of pristine graphene, that is, in-plane vibration of sp 2 carbon atoms and the stacking orders related to G and 2D bands, [22] [23] [24] [25] [26] respectively. The peak positions for the G and 2D
Results and discussion
bands are around 1580 and 2670 cm -1 , respectively, as shown in Figure 1 . The full width at half maximum (FWHM) of 30 cm -1 at the 2D band is normally considered to be an indicator of monolayer graphene. [25] [26] Also its single Lorentzian shape is considered as a fingerprint of monolayer graphene, 20, 25 as seen in Figure 1 . It was clearly found that both G and 2D bands have a blue-shift after O 2 annealing. Additionally, we also observed that the D band intensity increases with increasing annealing temperatures. The presence of the D band is caused by the disordered or defected structure of graphene. [23] [24] [25] [26] There is almost bilayer graphene as a function of 1/kT, is statistically summarized in Figure 3 . The I D /I G has a remarkable increase with the annealing temperature. It is obvious that two kinds of defect generation processes are overlapping. It appears that the I D /I G starts to increase remarkably at a special temperature, denoted as the infection point, that is, 400 °C for MLG and 550 °C for BLG, as shown in Figure 3 . Below the infection point the defect generation in O 2 annealing is quite insensitive to the annealing temperature. More interestingly, the defect generation is much more evidently above the infection point. These results indicate that two independent activation processes are involved in the degradation process, which can be described as follows:
where A1, A2 are fitting constants, and are the activation energies ( ) of defect generation above and below the infection point, respectively; is the Boltzmann constant and T is the absolute temperature in Kelvin. In the case of MLG, and are estimated to be 1.2 and 0.17 eV, respectively, from the Arrhenius fitting. For BLG, is found to be 2.3 eV; while the I D /I G remains almost no changes below 550 °C, then is too small and can be negligible. for both MLG and BLG in the temperature range below the infection point is negligibly small, possibly resulting from the thermal mismatch between the graphene film and the SiO 2 /Si substrate. 30 The slight difference in below the infection point for MLG and BLG also infers that the thermal mismatch effect differs in between various number-layer graphene and the SiO 2 /Si substrate. Above the infection point, should be much more concerned, which may be truly corresponding to the oxygen effect in the annealing. Figure 4 shows the time evolution of I D /I G against O 2 annealing with annealing temperature at 500 °C for MLG and 550 °C for BLG, respectively. The I D /I G of both MLG and BLG increases with increasing annealing time. The degradation of graphene due to defect generation is found to follow a power law in the annealing time over the range of decades as follows:
where A is the constant, t is the annealing time, and n is the power exponent factor, that is, the slope of degradation. The time exponent n can be extracted by fitting Equation 2 to statistical collections, where more than five samples are used at each time-point, as shown in Figure 4 . Based upon Equation 2, the time exponent n for MLG at 500 °C and BLG at 550 °C was extracted to be around 1.2 and 0.7, respectively. It is worthwhile to mention that below the infection point the speed of the defect generation is obviously slow, particularly for BLG, which is also shown in Figure 3 . For example, if maintaining an annealing temperature of 500 °C for BLG, the I D /I G is very small in the above time scales and exhibits a distinct fluctuation. Small I D /I G at 500 °C for BLG indicates a negligible amount of defect generation below the corner temperature (data not shown here). In sharp contrast to O 2 annealing, the UV/ozone treatment can induce a severe etching effect, which can even lead to the complete removal of graphene within minutes at room temperature.
28,31-32 Figure 5a shows the AFM topographic image of pristine MLG without O 2 annealing. There is no etching pits or holes in the graphene film because of its pristine nature. After O 2 annealing for 30 min at high temperatures of 490 and 500 °C for example, as shown in Figure 5b and 5c, respectively, many etching pits formed in graphene. As the temperature increases, the density of pits increases significantly. In Figure 5b , it can be seen that some isolated pits have already started to connect with each other at 490 °C. The clustering of these etched pits will be further accelerated at 500 °C, similar to other reported phenomena. 18, 33 However, no etching pits were clearly observed in BLG annealed at 500 °C in O 2 ambient for half an hour, as shown in Figure 6a surface height fluctuation for MLG is much larger than that of BLG, and the latter is very similar to the SiO 2 surface. The height difference is 0.4 nm for BLG and 1.1 nm for MLG, respectively. The graphene edge is believed to be more active because of edge defects. 6 However, Raman images confirmed that the defects are located across the whole MLG region not only in the centre but also its edge (not shown here). As aforementioned, there is a blue-shift in the G band in MLG after O 2 annealing, a blue-shift in BLG is also observed clearly, as summarized in Figure 7a . The G band shift for MLG is larger than that of BLG. In fact it is more than 10 cm -1 larger for MLG than for BLG after O 2 annealing at 500 °C for 30min. It also can be seen that a saturation tendency of the G band shift occurs after high temperature, particularly from 450 °C onwards. The intensity ratio of 2D to G band, I 2D /I G , is dependent on the number of graphene layers and a high I 2D /I G (> 1), 23, 34 For pristine MLG, I 2D /I G varies from ~2.2 to ~4.1 with an average of ~3 as shown in Figure 7b . While after O 2 annealing of 30min, the I 2D /I G for the samples annealed at 200, 220, 240, 270 and 300 °C decreases to ~2.3, ~1.7, ~1.4, ~1.1 and ~0.9, respectively. Above 300 °C, the I 2D /I G turns almost to a constant of ~0.9, as denoted by the pink box in Figure 7b . The significant decrease of I 2D /I G after O 2 annealing also strongly supports oxidative doping of these samples. The FWHM of MLG with and without O 2 annealing is shown in Figure 7c . It shows that the FWHM of the G band of MLG after O 2 annealing decreases at various temperatures, indicative of a prominent doping effect taking place in graphene film. This narrowing of G bandwidth results from the blockage of the phonon decay into electron-hole pairs due to the Pauli exclusion principle. 8, [35] [36] On the other hand, the D band position is found to shift upwards as the annealing temperature increases, shown in Figure 7d . After O 2 annealing at 500 °C for 30min, the G band of MLG has a blue-shift of ∼27 cm -1 . A blue-shift of the G band may reflect the electron or hole doping in graphene with the stiffening and sharpening of the G band. 8, 20, 25 It is caused by the p-type doping in our samples after O 2 annealing, that is, the hole doping in graphene, which was evidenced from the upward shift of the Dirac voltage in the transfer characteristics. 18 The hole doping will affect the interaction between optical phonons and the Dirac fermion transitions across the zero bandgap of graphene. The stiffening of the G peak is due to the nonadiabatic removal of the Kohn anomaly at point. 8, [36] [37] [38] The 2D phonons are far away from the Kohn anomaly at K point, thus the dynamic effects is believed to be negligible in the 2D peak. Therefore, the effect of doping in the 2D band is mainly due to the charge-transfer induced modification of the equilibrium lattice parameter with a consequent stiffening of the phonons, resulting in a blue-shift. 8, 39 Note that, the stress-induced blue-shift of the 2D band should be ∼2 times greater than the G band. 27, 40 In our sample, the 2D band of MLG has a blue-shift of ∼26 cm -1 , indicating the graphene sample is strongly hole-doped after O 2 annealing. In addition to the doping effect, the drastic increase of I D /I G at elevated temperatures strongly suggests defect generation occurs within the graphene. Local curvature has been used to explain the main cause of the chemical reactivity in graphene. [41] [42] While after oxidation at 500 °C for 2 h, only small and almost invisible I D /I G was observed for MLG and BLG on an extremely corrugated substrate with SiO 2 nanoparticle thin-film. 43 These observations infer that the curvature may not be responsible for the chemical reactivity of graphene. On the other hand, Yamamoto et al. proposed charge inhomogeneity as the origin for graphene oxidation since they found MLG on low charge trap density h-BN is not etched and shows little doping effect even as the temperature increases to more than 500 o C. 43 In our case, the substrates for graphene transfer are from the same batch, the difference in the curvature and charge inhomogeneity for MLG and BLG can thus be negligible. In case of supported graphene on a SiO 2 /Si substrate, O 2 molecules can easily react with the graphene surface when it is annealed at elevated temperatures. As a matter of fact, the etching "pits" are detected after O 2 annealing, shown in Figure 5 . In addition, a higher roughness of the MLG surface after O 2 annealing also indicates a higher chemical reactivity. Therefore, it is quite natural that E A1 of 1.2 eV may be related to the C-O bond breaking, very similar to the theoretical expectation of 1.5 eV in C-O bond. 44 Compared to the theoretical formation energy of ~7-8 eV for the carbon vacancy in graphene, [45] [46] [47] Below the infection point, the O 2 etching effect for graphene, especially for BLG, is negligible, thus I D /I G is very small and almost remains unchanged. Furthermore, the infection point for MLG and BLG differs; the former is 400 °C, ~150 °C smaller than the latter, corresponding to a lower resistance to the chemical reactions. This suggests that the chemical stability of BLG is much larger than that of MLG supported on SiO 2 /Si substrates. The activation energy below the infection point is very small, implying that the defect caused by the thermal mismatch expansion is not obvious. From the viewpoint of devices, the maximum temperature for post deposition annealing should be considered very carefully. Our study indicates that annealing below 400 °C is highly favourable for enhancing the device performance without sacrificing the graphene quality.
Conclusions
In summary, we have examined the defect generation of monolayer and bilayer graphene annealed in O 2 using Raman and AFM characterization methods. The activation energies for defect generation in MLG and BLG are 1.2 and 2.3 eV, respectively, above the infection point. The defect generation is dominated by the chemical reaction between graphene and oxygen. The different activation energy in MLG and BLG mainly lies in the difference of van der Waals interaction or charge inhomogeneity on the supported substrate. Below the infection point, defect generation is negligible which may be caused by a thermal mismatch. Our findings unveil that the process optimization of graphene devices on the SiO 2 /Si substrate below 400 °C is favourable because of the negligible degradation in this region.
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